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ABSTRACT
Hoffman, Jonathan D ., M.S., W in ter, 1980 Geology
Water Use, Groundwater C ond it ions , and Slope F a ilu re  on Bench- 
lands in  Western Montana: The Darby S lide  Example
D ire c to r :  Graham R. Thompson
u o bi
Slope f a i lu r e s ,  a problem on benchlands o f  western Montana, 
a f f e c t  a l l  who l i v e  on the land. A b e t te r  understanding o f  
l i t h o lo g y  and groundwater, both associated w ith  th is  problem, 
w i l l  help land planners assess r is k s .  The Darby s l id e  provided 
an o p p o r tu n ity  to study the geologic and hydrogeologic cond it ions  
e x is t in g  a t  the time o f  f a i l u r e ,  and to compare these cond it ions  
w ith  those cond it ions  e x is t in g  now a t  past fa i lu re s  on the bench 
west o f  Darby. Two cond it ions  were s im i la r  a t  the la rg e r  o f  the . 
s lope fa i lu re s  o f  the area: groundwater seeps occu rr ing  w i th in
areas o f  f a i l u r e ;  and the presence o f  smectite  r ic h  sand s im i la r  
to exposures o f  weathered bedrock, A p lo t  o f  id e n t i f ie d  ground-^ 
water seeps and slope fa i lu re s  shows a concentra tion  along 1 in -  ^  
ear fea tu res  mapped on high a l t i t u d e  a e r ia l photographs. The ^  
1 inears may represent weathered ridges o f  g ra n i t ic  and vo lcan ic  
rocks th a t  have been buried by T e r t ia ry  gravels and sands. ^  
These ridges could act as aquacludes, causing groundwater le ve ls  
to b u i ld  up w i th in  the porous grave ls . Landslides such as the 
Darby s l id e  can then be expla ined as a f a i lu r e  o f  the under­
ground "dam" when the mass o f  the gravel and water " re s e rv o ir "  
becomes too great. Groundwater o f  many western Montana benches 
is  recharged not on ly by p re c ip i ta t io n  and ru n o f f ,  but also by 
a g r ic u l tu r a l  and domestic p ra c t ice s . A b e t te r  knowledge o f  
these l in e a r  fea tures would thus be inva luab le  to land planners.
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CHAPTER I 
INTRODUCTION
General Statement
Slope fa i lu re s  have long been recognized as a bothersome problem 
on benchlands o f  western Montana, a f fe c t in g  a l l  who l i v e  on the land. 
Slope fa i lu re s  are a na tu ra l means o f  eroding and shaping the land­
scape. Human a c t i v i t i e s  can, however, t r ig g e r  a f a i lu r e  sooner than 
i t  might o therw ise occur. An understanding o f  the t r ig g e r in g  mechan­
isms w i l l  help land planners assess r is k s .
A 10 acre (4 hectare) la n d s l id e  began September 24, 1977, on a 
T e r t ia ry  bench near Darby, Montana. A p re l im in a ry  study (Hoffman, 
1977) in d ica te d  a close re la t io n s h ip  between high groundwater le ve ls  
and the f a i lu r e  o f  the slope. Further in v e s t ig a t io n s  uncovered the 
presence o f  a c lay  r ic h  sand q u ite  d i f f e r e n t  from the ty p ic a l  bench 
grave ls . L ith o lo g y  and groundwater are thus in t im a te ly  associated 
w ith  th is  problem.
The Darby s l id e  provided a unique o p p o rtu n ity  to  study the geolo­
g ic  and hydrogeologic cond it ions  e x is t in g  a t  the time o f  f a i l u r e ,  and 
to  compare these cond it ions  w ith  those e x is t in g  a t  past fa i lu re s  on 
the bench west o f  Darby. This is  a p a r t i c u la r ly  t im e ly  s tudy; the 
B i t t e r r o o t  V a lley  is  the s i t e  o f  numerous proposed s u b d iv is io n s ,  
changing previous a g r ic u l tu ra l  uses. These a c t i v i t i e s  tend to  change
groundwater volumes. U n t i l  the e f fe c ts  o f  groundwater load ing are 
tho rough ly  understood, p r iv a te  as w e ll as commercial in te re s ts  may 
be unnecessarily  h u r t  by an i n a b i l i t y  to  id e n t i f y  areas o f  severe 
slope i n s t a b i l i t y .
This study is  the f i r s t  step in  u n ra v e l l in g  the cond itions  o f  
s lope fa i lu re s  in  the southern B i t t e r r o o t  V a lle y , and perhaps, in  
o the r s im i la r  pa rts  o f  western Montana. This study should be used 
as a guide fo r  in v e s t ig a t in g  s im i la r  problems on o th e r  benchlands in  
western Montana.
Location o f  Study Area
The study area is  60 m iles (96.6 km) south o f  M issoula, Montana, 
and immediately west o f  Darby, Montana (F ig . 1). The B i t t e r r o o t  R iver 
bounds the area on the ea s t,  and the western boundary l ie s  w i th in  the 
f o o t h i l l s  o f  the B i t t e r r o o t  Range. I t  extends from Rock Creek south­
ward to  Conner. The study area encompasses approximately 25 
square m iles ; access den ia ls  r e s t r ic te d  d e ta i le d  stud ies to the area 
between Wadell Creek and Tin Cup Creek.
Method o f  Study
Slope fa i lu re s  were id e n t i f i e d  on A.S.C.S. a e r ia l  photographs a t 
a scale o f  1:15,840, and flown a t  an a l t i t u d e  o f  15,000 fe e t (4573 
meters). P ho tog raph ica lly  id e n t i f i a b le  fea tu res such as h i l l s i d e  
scars , hummocky topography, t i l t e d  t re e s ,  areas o f  groundwater seepage, 
p a r t i c u la r ly  steep s lopes, and c l i f f s  o r banks undercut by streams.
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Figure 1. Location o f  Study Area
were loca ted on Ih  minute topographic sheets. P h o to - in te rp re t iv e  
mapping, based on the d if fe re n ce s  in  topography between the bench, 
and the a d jo in in g  slopes and o v e r ly in g  g la c ia l  fea tu res , combined w ith  
f i e l d  spot checks o f  l i t h o lo g y ,  was the basis fo r  d i f f e r e n t ia t in g  
T e r t ia r y  and Quaternary deposits . Photographic l in e a rs  were also 
mapped on high a l t i t u d e  photographs (U.S.F.S. a e r ia l  photographs a t  
a scale o f  1:63,360, flown a t 30,000 fe e t  (9146 m eters)).
Each p h o to g rap h ica lly  id e n t i f ie d  slope f a i lu r e  was v is i t e d ,  
described, and sampled. Several samples o f  rep resen ta t ive  slope 
m ateria l were taken from each s i t e .  Nearby road cuts and eros iona l 
stream banks not a f fe c te d  by slope fa i lu re s  were a lso sampled. A 
b in o cu la r  microscope aided in  descr ib ing  the l i th o lo g y  and mineralogy 
o f  each sample.
Clay m inerals were id e n t i f i e d  using X-ray d i f f r a c t io n  techniques. 
A p o rt io n  o f  each sample was suspended w ith  d i s t i l l e d  w a te r, d isag­
gregated w ith  an u l t ra s o n ic  d isaggrega to r, and ce n tr ifu g e d  to  separate 
the 2 micron and sm a lle r f ra c t io n s .  Using an eye dropper, the c lay  
suspensions were placed on glass s l id e s ,  and d r ied  under a heat lamp, 
to  y ie ld  o r ie n te d  samples. Before scanning w ith  the X-ray d i f f r a c t o ­
meter, the s l id e s  were placed in  a g lyco l atmosphere fo r  a t  le a s t  24 
hours. Each sample was scanned from 32° to  0° under CuKa ra d ia t io n  a t 
a wavelength o f  30 Kv. and 20 Ma. Hydrometer analyses, using standard 
techniques (B lack, e t  a l . ,  1965), were used to  compare weight percen­
tages o f  c la y ,  s i l t ,  and sand.
Regional Geology
The B i t t e r r o o t  Va lley is  a broad v a l le y  bordered on the east by 
the Sapphire Range, and on the west by the B i t t e r r o o t  Range. I t  
extends fo r  45 miles (72.5 km) from the ju n c t io n  o f  the East Fork and 
West Fork o f  the B i t t e r r o o t  River a t  Conner, Montana, north  to  the 
town o f  Florence.
The B i t t e r r o o t  Range is  the no rtheast exposure o f  the Idaho Batho- 
l i t h ,  p a r t  o f  the B i t t e r r o o t  Lobe, which con s is t  predominantly o f  a 
weakly f o l ia te d ,  la te  Cretaceous (70-80 m .y .) ,  G ranod io r ite -G ran ite  
s u i te  (Hyndman and W il l ia m s , 1977). I s o s ta t ic  rebound in  response to 
unloading o f  the Sapphire Tecton ic  B lock, d isp laced 25 km to  the east, 
caused domal u p l i f t  in  th is  p o r t io n  o f  the lobe (Hyndman, 1977).
Rocks associated w ith  the C h a l l is  Volcanics (50 m .y.) la t e r  
in truded  the Cretaceous rocks. These con s is t  o f  high leve l g r a n i t ic  
p lu tons which form a d iscontinuous r in g  concen tr ic  to  the B i t t e r r o o t  
Dome. Volcanics associated w ith  these rocks have been mapped to the 
south , along the West Fork o f  the B i t t e r r o o t  River (Hyndman and 
W il l ia m s , 1977). Hypabyssal p o rp h y r i t ic  d ikes , re la te d  to  the Eocene 
vo lcan ics , have also been repo rted , 25 miles southeast o f  Darby 
(Badley, 1978). Perhaps s im i la r  dikes form feeders to  such vo lcan ics 
as those reported on Tabor Mountain (Mundie, 1978; and B e l l ,  1979), 
loca ted  ou ts ide  the northwest corner o f  the study area.
The Sapphire Range is  composed mostly o f  weakly metamorphosed 
rocks o f  the B e lt  Supergroup. The western p o r t io n  o f  the block
though,near Darby, rocks o f  the b a th o l i th  in f ra s t ru c tu re  are exposed 
underly ing  a zone o f  c a ta c la s is .  A g e n tly  d ipp ing  gneiss forms the 
d ip  slope eastern f lan ks  o f  the B i t te r ro o ts  (Ross, 1950), and is  
in te rp re te d  as the c a ta c la s t ic  detachment zone along which the Sapphire 
Block moved (Chase, 1977).
A f te r  Eocene e ro s io n , intermontane basins o f  western Montana 
f i l l e d  w ith  sediments shed from a d jo in ing  mountains during much o f  
T e r t ia ry  time. S im i la r  sediments have been described in  such va lleys  
as the Je ffe rson  V a lle y ,  Deer Lodge V a lle y ,  Missoula V a lle y , as w e ll 
as the B i t t e r r o o t  V a lley  (Alden, 1953; Kuenzi and F ie ld s ,  1971; and 
Vanderpoel, 1978). In places w i th in  the B i t t e r r o o t  V a lle y , the T e r t ia ry  
f i l l  is  up to 4000 fe e t  (1220 m) th ic k  (Lankston, 1975). Late Pliocene 
o r  e a r ly  P le istocene pediment surfaces beveled sediments and in  places 
bedrock o f  the underly ing  i r r e g u la r  p r e - f i l l  topography.
Local Geology
Previous workers (Alden, 1953; and Weber, 1972) have described 
the prominant bench west o f  Darby, r is in g  approximately 120 fe e t  (36 m) 
above the present B i t t e r r o o t  V a lley  f lo o d  p la in .  Alden mentions th is  
bench in  passing, and describes i t  as T e r t ia ry  v a l le y  f i l l  mantled 
by the a l lu v iu m  o f  a P le is tocene pediment. Weber, on the o the r hand, 
c a l ls  the deposits P le is tocene d r i f t  from a p re -B u ll Lake g la c ia t io n ,  
beveled by a P le istocene pediment. The State Geologic Map (Ross, 
Andrews, and W itk ind , 1955) a lso  designate the deposits  as Quaternary 
g rave ls . I agree w ith  Alden, th a t  the deposits are T e r t ia r y ,  based on
l i t h o lo g ie  s im i la r i t i e s  w ith  T e r t ia ry  deposits o f  o th e r western 
Montana v a l le y s .
L i th o lo g ic a l ly  these sediments compare very c lo s e ly  to  those 
described in  the Je ffe rson  Basin (Kuenzi and F ie ld s , 1971), as well 
as sediments logged from deep w e lls  d r i l l e d  w i th in  the B i t t e r r o o t  
V a lley  (David Quattlebaum, personal communication, 1979). These 
sediments are also l i t h o l o g i c a l l y  s im i la r  to  T e r t ia ry  sediments I 
have seen in  the Missoula Va lley .
Weber shows a diagrammatic s t ra t ig ra p h ie  section  o f  an exposure 
a t  the mouth o f  Bunkhouse Creek (see Fig. 2). For comparison, I 
inc lude my own sec t ion  o f  the same exposure. I in te r p r e t  h is  angular 
unconform ity as simply a channel f i l l i n g  o f  sand. A crude in c l in e d  
bedding continues a l l  the way to  the top u n i t .  An angular uncon fo rm ity , 
however, does e x is t  between the top u n i t  and the underly ing  u n its .
A l l  o f  the u n its  conta in  sm ectite  as the dominant c lay  m inera l, and 
a l l  o f  the u n i ts ,  e s p e c ia l ly  the f in e  grained sand and the th ic k  cobble 
g ra ve l,  appear ashy in  the f i e l d .  Mo shards could be seen under the 
microscope, perhaps because d e v i t r i f i c a t i o n  erased the o r ig in a l  te x tu re . 
Many o f  the cobbles above the f in e  grained sand are coated w ith  iro n  
oxides o r manganese ox ide , c h a ra c te r is t ic  o f  desert varn ish (Garner, 
1974). Weber admits th a t  one o f  the lower f in e  gra ined u n its  contains 
l i g n i t e  ch ips , but exp la ins th a t  they are derived from nearby T e r t ia ry  
depos its . One im portan t p o in t th a t  Weber f a i l s  to  mention is  th a t  the 
c la s ts  o f  the gravels are mostly f e ls i c  vo lcan ics . The c la s ts  a lso
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Figure 2. S t r a t i  graphic Sections o f  Bunkhouse Outcrop as presented 
by Weber (1972) and re in te rp re te d  in  th is  paper.
inc lude  q u a r tz i te s ,  ch e r ts ,  and tu ffaceous sandstones, rocks probably 
derived from the Sapphires. Only 5% o f  the c la s ts  seen in  th is  expo­
sure are g r a n i t i c  o r gne iss ic . I f  these deposits are g la c ia l  outwash, 
should they not conta in mostly m ateria l from the B i t te r ro o ts  immediately 
to  the west?
The best te s t  o f  the age o f  these deposits would be e i th e r  ra d io -  
m e tr ic  age da ting  o r ve rteb ra te  fo s s i l s .  Whether o r  not the pediment 
th a t  produces the gentle concave upward shape o f  the bench, and t ru n ­
cates bedrock exposed a t  various places along the face o f  the bench, 
is  la te  Pliocene o r e a r ly  P le istocene age is  unknown.
Slope F a ilu re s :  A B r ie f  Review
C la s s i f ic a t io n  Systems
Slope fa i lu re s  can be thought o f  as an end member o f  a g radationa l 
se r ies  o f  na tu ra l processes o f  denudation (Sharpe, 1938). Clean 
f low in g  streams are o f  the o th e r end member o f  th is  se r ie s . As th is  
se r ies  progresses from streams, debris load s te a d i ly  increase and water 
content decreases u n t i l ,  in  the extreme case, water acts on ly  as a 
lu b r ic a n t .  Water content is  no t the sole va r ia b le  in  d is t in g u is h in g  
between d i f f e r e n t  types o f  slope fa i lu re s  though. A complex in t e r ­
ac tion  o f  the kinds and changes o f  m a te ria ls  in vo lved , the angle o f  
the s lope , as w e ll as water con ten t, co n tro ls  the d i f f e r e n t  types and 
ra tes  o f  movement (Terzaghi, 1950). This myriad o f  combinations pro­
duces a c la s s i f i c a t io n  e n th u s ia s t 's  dream.
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Donald R. Coates (1977) in h is overview o f  slope f a i lu r e s ,  
discusses the lack  o f  published l i t e r a t u r e  on the sub jec t as compared 
w ith  o th e r  geolog ic hazards. He a lso mentions the lack o f  a un ive r­
s a l ly  accepted term inology. C.F.S. Sharpe (1938) produced the f i r s t  
p ra c t ic a l  c la s s i f i c a t io n  o f  slope fa i lu r e s .  This c la s s i f ic a t io n  
system, based on type and ra te  o f  movement, was too s im p l is t ic ,  
lumping d i f f e r e n t  types o f  fa i lu re s  in to  the same category.
A more useful c la s s i f ic a t io n  was developed as a specia l rep o rt  
to  the Highway Research Board (Varnes, D ., 1958). The two main var­
ia b le s  o f  t h is  system are type o f  movement and type o f  m ateria l (see 
Fig. 3). Type o f  movement is  broken down in to  categories o f  f a l l s ,  
s l id e s ,  f low s, and complex. The la s t  category invo lves a combination 
o f  any o r  a l l  o f  the o the r three types o f  movement. Type o f  m ateria l 
is  s p l i t  in to  two categories fo r  f a l l s  and s l id e s ;  bedrock and s o i l .  
S o il in  th is  case is  the engineering d e f in i t io n  which inc ludes c la s t ic  
m a te r ia l ,  rock fragments, sheared o r weathered bedrock, and organic 
matter. S lides are fu r th e r  d i f fe r e n t ia te d  in to  two types; ro ta t io n a l 
and p lanar. For f low s , the ca tegories  o f  type o f  m ate ria l are rock 
fragments, sand, s i l t ,  mixed, and mostly p la s t ic .  Flows are also 
broken down in  a g rada tiona l se r ies  from dry to wet. The names in  
th is  c la s s i f ic a t io n  system are those adopted fo r  use in  th is  study.
The term la n d s l id e ,  however, is  reserved fo r  those fa i lu re s  in v o lv in g  
" s o i ls "  w ith  a " s l id e "  movement. Slope f a i lu r e  is  the generalized 
term th a t  encompasses a l l  types o f  f a i l u r e .
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MOVEMENT
TYPE OF MATERIAL
Bed r o c k S o i l s
F a i t s Rock Fall Soil Fall
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(rotafional)
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(planer)
Block Glide
(planar) (rotational)
Block Glide Block Slump
F a ilu re  by 
Debris S lide  Lat. SprdingRock Glide
d ry
111
F l o ws  ;
1
1
_______wft t
Rock (o il unconsolidated) Mostly 
fragments Sand or Silt Mixed plastic
Rock Frag- Sand Loess 
ment Flow Run Flow
Rapid Debris Slow 
Earth flow  Avalanche Earth flow
Sand o r  S i l t  Debris Mudflow 
Flow Flow
Figure 3. Slope F a ilu re  C la s s i f ic a t io n  System 
(from Varnes, 1958).
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Causes o f  Slope F a ilu re
On a s tab le  s lope, the shear s tre n g th ,  o r shear res is tance  o f  
slope m ateria l is  g rea te r than the shearing fo rces. The shearing 
fo rc e s ,  o r  shear s tresses , are those due to  g ra v i ty  th a t  push down­
wards and outwards on any given mass o f  slope m a te r ia l.  When the shear 
s tress  exceeds the shear res is tance  o f  the m a te r ia l ,  the slope f a i l s  
(Terzaghi and Peck, 1948).
The causes o f  slope f a i lu r e  are those changes to a slope th a t  
e i th e r  decrease the shear re s is ta n ce , or increase the shear s tress . 
These changes, e i th e r  ex te rna l o r  in te r n a l ,  can be na tura l o r  induced 
by human a c t i v i t i e s .  Erosion by streams, r iv e r s ,  waves, g la c ie rs ,  as 
w e ll as cuts in to  slopes by man, are both exte rna l changes which w i l l  
co n tr ib u te  to  high shear s tress  (Varnes, D ., 1958). Earthquakes pro­
ducing in te rn a l h o r izo n ta l acce le ra tions  w i l l  increase shear stresses 
(Sharpe, 1938), and also sometimes change the in te rn a l s t ru c tu re  o f  
an underly ing  c lay  u n i t ,  decreasing shear res is tance (Hadley, 1964).
E ffe c ts  o f  Water on Slope S t a b i l i t y
Water is  the main c a ta ly s t  f o r  slope f a i lu r e .  Changes in  the 
water content o f  s lope m ateria l is  perhaps the s in g le  most im portan t 
fa c to r .  With porous slope m a te r ia ls ,  ra is in g  the water tab le  w i l l  
increase the in te rn a l pore pressure, and thus decrease the shear 
res is tance . Increased groundwater w i l l  a lso add to  the to ta l  weight 
o f  the m a te r ia l ,  inc reas ing  the shear s tre ss . P a r t ic u la r ly  high pre­
c ip i t a t i o n ,  o r  an above normal sp r ing  ru n o f f ,  can ra ise  groundwater
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to the dangerous le ve l (Terzagh i, 1950). Human in fluences  such as 
seepage from i r r i g a t io n  (Varnes, H . , 1949), o r  even discharge from 
s e p t ic  systems can a r t i f i c i a l l y  increase groundwater le v e ls ,  and lead 
to  slope f a i l u r e  (Merriam, 1960).
Groundwater can also cause in te rn a l changes in  the slope m ateria l 
which decrease shear res is tance . Groundwater can hydrate clays and 
decrease the cohesion o f  c layey s o i l s ,  as w e ll as a l low ing  base ex­
change o f  ca tions  which can in f lu e n ce  hydration o f  smectite (Varnes,
D ., 1958). G ra n it ic  bedrock, la rg e ly  weathered to  c la y  in  humid 
environments, is  p a r t i c u la r ly  suscep tib le  to  slope fa i lu re s  (Durg in , 
1977). Groundwater can d isso lve  such sedimentary binders as carbonates 
and s i l i c a  as w e ll as s a l t  o r  gypsum. As water f i l l s  pores p rev ious ly  
f i l l e d  w ith  a i r ,  surface ten s ion , which imparts cohesion to  unconsoli­
dated c la s t i c  m a te r ia l ,  vanishes (Terzaghi, 1950).
Groundwater discharge can in d ic a te  areas where the p re v io us ly  
mentioned e f fe c ts  o f  groundwater on slope s t a b i l i t y  are great.
Springs and seeps can thus o fte n  times be id e n t i f ie d  as an in d ic a t io n  
o f  high groundwater le v e ls  which may lead to slope f a i lu r e  (Toth,
1971). Another e f f e c t  o f  an underground f low  associated w ith  ground­
water discharge is  underground e ro s io n , causing p ip in g ,  which can 
undermine a slope (Terzaghi, 1950). Subsurface erosion is  also a 
common cause o f  f a i l u r e  o f  water storage re s e rv o irs .  Erosion can 
work i t s  way back from springs emerging below a re s e rv o ir ,  and can 
lead to  the undermining o f  na tu ra l r idges o f  unconsolidated sediments
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o r  decomposed bedrock th a t  serve as p a r t  o f  the enclosure o f  the 
re s e rv o ir .  Even tua lly  the downstream slope f a i l s ,  and the stored 
water is  released (Terzaghi and Peck, 1948).
Subsurface s a tu ra t io n  w ith  inc reas ing  pore pressures can lessen 
the shear res is tance  o f  an underly ing  c layey u n i t  even though the 
surface might appear to  be p e r fe c t ly  dry unconsolidated sediments.
In such a s i t u a t io n ,  the slope may f a i l  by la te ra l  spreading o f  the 
weakened c lay  along a p lanar shear zone, c a r ry in g  w ith  i t  one or 
more undeformed blocks o f  the o v e r ly in g  sediments (Varnes, D . , 1958), 
This s i tu a t io n  occurred a t  the Ames s l id e  in  Colorado, where g la c ia l  
gravels rode on spreading c lays from weathered Mancos shale (Varnes, 
H , , 1949). A s im i la r  s i tu a t io n  is  suggested fo r  the Darby s l id e  
( th is  s tudy). In both s i tu a t io n s ,  had the knowledge o f  the ground­
water seeps been combined w ith  an understanding o f  the geolog ic sub­
s t r a te s ,  the p o te n t ia l r is k s  would have been known before the slope 
fa i lu r e s  occurred.
CHAPTER I I  
SLOPE FAILURES
Darby S lid e
H is to ry  o f  Movement
The Darby s l id e  is  the most spectacu la r and devasta ting  slope 
f a i l u r e  in  the study area. I t  is  a 4 hectare t r a c t  th a t  f a i le d  by 
la te ra l  spreading on a slope o f  10°. Although the movement o f  the 
s l id e  as a whole was t r a n s la t io n a l ,  in d iv id u a l u n its  towards the back 
o f  the s l id e  show ro ta t io n  towards the head scarp. According to loca l 
re s id e n ts ,  a s im i la r  but sm a lle r s l id e  occurred in  the same spot about 
55 years ago.
The s l id e ,  in  the S.E. ^  o f  sec. 3, T .3 N . , R.21 W. (see Fig.
10), moved most ra p id ly  during the f i r s t  few months, approximately 9 
meters along a nearly  ho r izo n ta l s l i p  plane (Hoffman, 1977). As i t  
moved, the back h a l f  o f  the s l id e ,  approximately 10 meters south o f  a 
f lo w in g  i r r ig a t io n  d i tc h ,  s tre tch e d , form ing extensional fra c tu re s  
pe rpend icu la r to  the d i re c t io n  o f  movement (see Fig. 4 ). The s l id e  
blocks bordering  the back o f  the f a i lu r e  subsided, forming a graben 
(see Fig. 5). The f r o n t  o f  the s l id e  behaved l i k e  a slow e a r th f lo w ,  
showing signs o f  compression; ra d ia l f ra c tu re s ,  and transverse pressure 
ridges (see Figs. 4 and 6 ). While the back o f  the s l id e  was d ry , the 
f r o n t  o f  the s l id e  was very wet. Water f i l l e d  many o f  the ra d ia l 
f ra c tu re s ,  and seeped from the bu lg ing  toe. As po rt ion s  o f  the toe
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Fractures 
O u tlin e  o f  Graben 
X X X X Pressure Ridge
50
meters
Figure 4. Darby S lide  Fracture P a tte rn .
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Figure 5. Graben a t  head o f  Darby S lid e  (November 11, 1977).
F ie ld  pack and surveying equipment on le f tm o s t b lock 
g ive sca le .
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Figure 6. Toe o f  Darby S lide  (November 11, 1977).
over fea tu re  to  l e f t  o f  Mr. Quattlebaum,
Note r o l l
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became ove rsa tu ra ted , the m ate ria l l i q u i f i e d  and flowed as small 
mudflows (see Fig. 7).
Since the i n i t i a l  period o f  f a i lu r e  (September 24, 1977 through 
December, 1977), the s l id e  has grown re tro g re s s iv e ly .  A d d it io na l 
blocks broke o f f  during August o f  1978 from behind the o r ig in a l  head 
scarp. As o f  May, 1979, the head scarp stood approximately 14 meters 
above the subsided rea r o f  the s l id e .  At th a t  t im e , the eastern 
p o r t io n  o f  the toe was s t i l l  moving as a slow e a r th f lo w , and recent 
small mudflows had sloughed o f f  both the eastern and western po rt ions  
o f  the toe. The southernmost lobe o f  the toe , however, had remained 
dry since August, 1978.
Groundwater Conditions
Before f a i l u r e ,  groundwater discharged year round from two seeps 
on t h is  slope (see Fig. 8). One seep was located ju s t  w i th in  what was 
to  become the eastern boundary o f  the f a i l u r e ,  and the o the r was ju s t  
ou ts ide  the western boundary. According to lo ca l re s id e n ts ,  immedia­
t e ly  before f a i l u r e ,  the f low  from these seeps increased. That was 
odd because 1977 was a dry yea r, and la te  September was the end o f  
the i r r i g a t io n  season. Groundwater discharge was grea tes t during the 
weeks fo l lo w in g  f a i l u r e ,  when water flowed from the toe o f  the s l id e  
as w e ll as from the p re -e x is t in g  seeps. As the s l id e  movement slowed, 
new seeps began to  f low  from the graben (see Fig. 8 ) ,  and the to ta l  
f low  from the slope decreased, e ve n tu a lly  according to  re s id e n ts ,  
reaching i t s  normal amount.
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Figure 7. Mudslide on Toe o f Darby Slide
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O ut l ine  o f  S l ide  (October, 1977) 
O ut l ine  o f  S l ide  (May, 1979) 
O ut l ine  o f  Grabel (October, 1977) 
O u t l ine  o f  Grabel (May, 1979)
P r e - fa i lu r e  Groundwater Seeps 
P o s t - f a i lu re  Groundwater Seeps
50
meters
Figure 0. Darby S l ide  Groundwater Seeps.
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Slope Mater ia l
The head scarp o f  the s l id e  exposes gravels ty p ic a l  o f  the bench 
sediments. They are b u f f  colored p a r t i a l l y  m atr ix  supported conglo­
merates con ta in ing  subrounded c la s ts  up to 30 cm. o f  g r a n i t i c s ,  
f r o n ta l  gneiss, f e l s i c  vo lcan ics ,  and some q u a r tz i te s  and cherts .
The gravels are crude ly  bedded, and contain crossbedded lenses o f  
we l l  sorted arkos ic  sands (see Fig. 9).  Gravels a t  the toe o f  the 
s l i d e  have s im i l a r  c la s ts ,  but a w h i te r ,  ashy (?) matr ix .  As the 
s l i d e  progressed, a ye l lo w ish  green sandy c lay  began to ooze from 
f ra c tu re s  o f  the toe. S im i la r  mater ia l  f lowed as mudflows from the 
toe. The c la y ,  a calcium smect i te ,  contains angular grains o f  quartz 
and fe ldspa r  in subequal amounts.
Approximately 75 meters southeast from the toe,  a road cut in to  
the slope exposes more c lay r i c h  m a te r ia l ,  t h a t  looks l i k e  a weathered 
boulder.  A sample contains near ly  50% by weight o f  p a r t i c le s  2 
microns o r  smal ler.  Thin sect ions o f  t h i s  sample show a f e l s i c  
assemblage; quar tz ,  p lag io c lase ,  some K - fe ldspa r ,  and b i o t i t e .  This 
is  the same assemblage found in  c r y s t a l l i n e  rocks o f  the area.
Other Slope Fai lures
The o the r  slope f a i l u r e s  o f  the area inc lude ro ta t io n a l  block 
slumps, debr is  avalanches, and debr is  f lows. A ro ta t io n a l  block slump 
is  slumping, along a spoon shaped s l i p  sur face,  o f  a r e l a t i v e l y  unde­
formed block o f  c l a s t i c  m a te r ia l .  The back h a l f  o f  the block ro ta tes  
down, pushing the f r o n t  o f  the block up from the slope. A debris
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Figure 9. Crossbedded T e r t ia r y  Sands. Rebar is  
about 30 cm.
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avalanche is  a f low In v o lv in g  a mix ture o f  c l a s t i c  mater ia l  and water 
moving as a f l u i d  down a slope. I t  leaves a scar th a t  tapers upwards, 
leav ing  a U shaped o r  se r ra te  scarp. Debris f lows are s im i la r  to 
debr is  avalanches, but they invo lve  more h igh ly  saturated m a te r ia l .  
These flows fo l lo w  p re -e x is t in g  drainages, en la rg ing  and in c is in g  the 
drainage in to  steep wa l led g u l l i e s .
Two slope f a i l u r e s ,  about a t h i r d  the s ize o f  the Darby s l i d e ,  
occurred in  the study area w i th in  the l a s t  15 years ,  both dur ing la te  
summer. One o f  these, the Conner s l i d e ,  is  in  the S.W. % o f  the 
N.W. ^  o f  sec. T . 3 N . , R.21 W. The o th e r ,  the O ver tu r f  s l i d e ,  is  
j u s t  nor th  o f  the mouth o f  O ve r tu r f  Gulch in  the N.E. ^ o f  sec. 3,
T . 3 N . , R.21 W. Both are complex la n d s l id e s ,  showing features i n d i ­
ca t ing  most ly ro ta t io n a l  movement, but some t ra n s la t io n a l  movement as 
w e l l .
The Conner s l i d e  moved on slopes o f  30°. I t s  scarp r ises  about 
10 meters above a graben s im i la r  to  th a t  a t  the head o f  the Darby 
s l i d e .  Trees s t i l l  l i v e  on the s l id e  b locks ,  some t i l t i n g  towards the 
scarp which exposes ty p ic a l  T e r t ia r y  gravels.  Small mudflows sloughed 
o f f  the bu lg ing  toe a f t e r  movement o f  the main body o f  the s l id e  
stopped. Groundwater s t i l l  seeps from the scarps o f  these mudflows 
which expose a ye l lo w ish  wh ite  sandy clay. A sample contains 25.7% 
c lay  by we igh t ,  mainly smect i te  w i th  some k a o l i n i t e .  The poor ly  
sor ted sand gra ins are a f e l s i c  assemblage. Approximately 150 meters 
behind the main head scarp, on the top o f  the bench, a p o rp h y r i t i c  
f e l s i c  vo lcan ic  knob r ises  above the bench gravels.
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The O v e r tu r f  s l i d e  moved on 20° slopes o f  T e r t ia r y  gravels.  I t  
too has a graben border ing a head scarp 2 to 3 meters high. The toe 
bulges from the slope as in  the Darby s l i d e ,  and several small debris f lows 
mark the main body o f  the s l i d e  as well  as the slope below the toe.
A l l  seep groundwater. The scarps o f  these flows expose red and green 
sandy c lay  which contains 17.2% c lay by weight.  The c lay  is  mainly 
smect i te  w i th  some k a o l i n i t e  and a t race o f  muscovite. The angular 
sand grains are a f e l s i c  assemblage.
Several o ld  ro ta t io n a l  slump b locks ,  none la rg e r  than .4 hec­
ta re s ,  occur in  the study area. These have eroded and the scars 
revegetated leav ing  on ly  a sub t le  topographic expression. Many o ld 
s l id e s  seep groundwater from the base o f  t h e i r  scarps.
The remaining slope f a i l u r e s  are debris avalanches or  debris 
f lows. These occur on slopes between 10° and 35° in  b u f f  to tan 
co lored T e r t ia r y  gravels .  They range in s ize from elongate scars 
on ly  a meter across and several meters long, to  scars 30 meters across 
and 70 meters long. These la rg e r  f a i l u r e s  usua l ly  have debris  aprons 
extending h a l f  t h e i r  length .  Many seep groundwater from the exposed 
scars. Most have smect i te  r i c h  s l i d e  debr is  which contain up to 
16.6% c lay  by weight.
Discussion
Although the slope f a i l u r e s  d i f f e r  in  s ize and type, they share 
c e r ta in  s i m i l a r i t i e s .  Most seep groundwater from areas j u s t  outs ide 
o r  w i th in  the f a i l u r e .  Most a lso contain la rge amounts o f  smect i te
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r ic h  c lay  (see Appendix). The la rg e s t  lands l ides  contain ye l low  and 
green sandy clays near t h e i r  toes,  composed mostly o f  smect i te  mixed 
w i th  a poor ly  sorted assemblage o f  f e l s i c  sand gra ins.  This is  the 
same assemblage found a t  outcrops o f  weathered c r y s t a l l i n e  rocks 
described in  the next chapter.
CHAPTER I I I
WEATHERED BEDROCK
Weathering o f  C ry s ta l l i n e  Rocks
Several exposures o f  bedrock in the study area show vary ing de­
grees o f  chemical weathering. As g r a n i t i c  rocks weather, b i o t i t e  and 
fe ld sp a r  are the f i r s t  minerals to  chemically a l t e r .  B io t i t e  expands 
as i t  a l t e r s ,  mechanically a id in g  f u r t h e r  decomposition o f  the rock 
(Isherwood and S t re e t ,  1976). Hydrat ion and hydro lys is  a l t e r  the 
fe ldspars  and b i o t i t e  in to  clays and c o l lo id s  which may then migrate 
from the rock. The rock may d is in te g ra te  in to  a rubble o f  weathered 
mineral g ra ins .  I f  the rock is  not eroded, but continues weathering 
chem ica l ly ,  i t  may become a s a p ro l i t e .  S a p ro l i te  re fe rs  to rock 
weathered in  s i t u ;  chemica l ly  a l te re d ,  but not t e x t u r a l l y  d is in te g ra ­
ted (F a i rb r id g e ,  1968). Quartz and muscovite are the on ly  remaining 
unal te red minerals in  h ig h ly  weathered s a p ro l i t e .
Examples o f  Weathering in  the Study Area
In the S.W. % o f  sec. 11, T.2 N . , R.21 W., a g u l l y  exposes gra­
n i t i c  s a p r o l i t e  under ly ing approximately 3 meters o f  co l luv ium. In 
p laces, the rock although h ig h ly  weathered, is  s t i l l  s o l id .  In o ther 
p laces,  however, a k n i fe  o r  shovel can cut  through what appears to be 
a s l i g h t l y  green colored g ra n i te ,  but is  a c tu a l l y  la rg e ly  c lay  w i th  
res idua l  gra ins o f  quartz and fe ldspa r .  Quartz v e in le ts  w i th in  the
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s a p r o l i t e  a t t e s t  to the preserved igneous tex tu re .  Sample HB-1 which 
inc ludes s a p r o l i t i c  po r t ions  o f  t h i s  exposure as well  as less a l te red  
fragments, contains 22.2% c lay by weight.  X-ray d i f f r a c t i o n  pat terns 
o f  t h is  c lay  produce a wel l  def ined smect ite peak. No o the r  clays 
could be seen in  the pa t te rns .  Groundwater is  seeping j u s t  up stream 
from the exposure.
Approximately 1 km west o f  the s a p r o l i t e ,  a road cut  exposes 
weathered bedrock o v e r la in  by T e r t ia r y  gravels.  The rock, a b i o t i t e  
g ra n o d io r i te ,  i s  not as h ig h ly  weathered as the s a p ro l i t e .  Except f o r  
a few po r t ions  o f  s o l id  rock, most o f  the exposure has broken down
in to  rubble which contains 15% (sample HB-2b) c lay  by weight .  X-ray
pa t te rns  o f  the greenish c lay show a dominant smect ite peak, and smal ler  
k a o l i n i t e  and muscovite peaks. Groundwater seeps above the weathered 
rock as we l l  as a t  the base o f  the road cut .
A road cut  on the slope j u s t  north o f  Cooper draw in  the N.E. h
o f  sec. 35, T.3 N . , R.21 W. exposes gne iss ic  bedrock under ly ing gra­
v e ls ,  crossbedded sands, and th in  s i l t y  c lay  beds. Although much o f  
t h is  h ig h ly  f ra c tu re d  rock is  f resh ,  in  places i t  is  h ig h ly  weathered 
and p a r t i a l l y  d is in te g ra te d .  Sample MC-11 from the weathered rock 
conta ins 7.6% c lay  by weight.  The ye l low ish  tan c lay cons is ts  o f  
smect i te  and k a o l i n i t e ,  w i th  a minor amount o f  muscovite.
Model f o r  Weathering in the Study Area
Deep weathering o f  bedrock and formation o f  sa p ro l i te s  is  
associa ted w i th  warm, humid cl imates (Garner, 1974). That weathering
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environment may have ex is ted  in  western Montana dur ing Eocene time 
before T e r t ia r y  v a l le y  f i l l .  Such a c l imate  has been suggested f o r  
nearby Yellowstone Park, based on t r o p ic a l  lowland f l o r a l  forms in c lu ­
ding Bread F r u i t ,  Avocado, White Mangrove, Tropica l Magnolias, Laure ls ,  
and A ra l ia s  ( F r i t z ,  1979). The bedrock exposures described above 
were thus probably weathered dur ing Eocene time before b u r ia l .
Humid c l imates w i th  a steady i n f l u x  o f  fresh wate r ,  provide a 
h ig h ly  leached and thus a c id ic  surface weathering environment (K e l le r ,  
1955). This environment is  conducive to the formation o f  k a o l i n i t e ,  
the common c lay  mineral found in  s a p ro l i t e s .  At depth, however, de­
scending groundwater, enriched in  both s i l i c a  and d iv a le n t  cat ions 
can i f  leaching is  slow, produce a more a lk a l in e  weathering env iron­
ment, conducive to the formation o f  smectites (B i rke la nd ,  1976). This 
w i l l  produce a v e r t i c a l  weathering p r o f i l e  v/ ith k a o l i n i t e  a t  the top 
and smect i te  a t  depth. I f  the top eroded, exposing the sm ect i te ,  and 
the c l im ate  became d r i e r ,  producing a more a lk a l in e  weathering env iron­
ment, a s m e c t i t i c  s a p r o l i t e  would be preserved. An example o f  smec- 
t1 t i c s a p r o l i t e s  are those developed on metamorphic basement rocks and 
bur ied beneath the A t l a n t i c  Coastal P la ins ,  25 miles southeast o f  the 
Fal l  l i n e ,  in  South Caro l ina (Pavich, 1974). This model exp la ins the 
o r i g i n  o f  the smect i te  r i c h ,  h ig h ly  weathered bedrock in  the study 
area.
CHAPTER IV 
PHOTOGRAPHIC LINEARS
Method o f  Mapping
P h o to - in te rp re t iv e  mapping shows the presence o f  1 inears in  both 
the northern and southern po r t ions  o f  the f i e l d  area (see Figs. 10 and 
11). In the northern p o r t io n ,  1 inears are mapped on T e r t ia r y  sediments 
as we l l  as u n d i f f e re n t ia te d  Quaternary cover. This includes both 
g la c ia l  moraines and c o l l u v ia l  debr is .
Three c r i t e r i a  de f ine the 1 inears ;  al ignment o f  topographic chan­
ges in s lope, dra inages, and tonal con t ras t  l i n e s .  A ser ies o f  
saddles a l ig n in g  w i th  a tonal boundary on a meadow, in turn a l ig n ­
ing w i th  a p o r t ion  o f  a stream, might thus def ine a l i n e a r .  Where the 
1 inears are e a s i l y  i d e n t i f i a b l e ,  they are drawn as s o l id  l i n e s .  Dashed 
l i n e s  are drawn where the d e f in in g  c r i t e r i a  are s u b t le r .
Li  nears and Groundwater Seeps
Many groundwater seeps e x i s t  in  the area. Figure 10 shows th a t  
groundwater seeps concentrate near 1 inears. Most o f  the seeps occur 
where the bench has been inc ised  by drainages, many o f  which form seg­
ments o f  1 inears .  Some seeps are tapped f o r  domestic use, and most 
f low  a l l  year.
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Li nears and Slope Fai lures
A comparison o f  slope f a i l u r e  loca t ions  w i th  the 1 inears is  even 
more s t r i k i n g  than the above mentioned re la t io n s h ip .  Figure 10 shows 
i d e n t i f i e d  slope f a i l u r e s  superimposed on the p rev ious ly  mentioned 
re la t io n s h ip  1 inears and groundwater seeps. The assoc ia t ion o f  
groundwater seeps w i th  slope f a i l u r e s  now becomes even more apparent. 
Figure 11 shows loca t ions  o f  1 inears » groundwater seeps, and slope 
f a i l u r e s  f o r  the southern po r t io n  o f  the f i e l d  area.
Li nears and Bedrock
Figures 10 and 11 also show observed bedrock lo ca t io ns .  In the 
northern p o r t io n ,  W i l l iams Gulch exposes a small outcrop o f  tuffaceous 
brecc ia  (sample WG-2). A prominent c l i f f  o f  g ra no d io r i te  forms the 
bench face a t  the northern end o f  the l i n e a r  west o f  Wil l iams Gulch 
(sample SWS-1). S im i la r  mater ia l  is  exposed a t  the mouth o f  O ver tu r f  
Gulch. Weathered rounded boulders,  up to 50 cm, extend up the h i l l  to 
the south from th is  outcrop,  p a ra l le l  to the l i n e a r .  In the southern 
p o r t io n ,  two exhumed f e l s i c  vo lcan ic  knobs are exposed in  sec. 35,
T.3 N. , R.21 W. Two o f  the exposures o f  h igh ly  weathered bedrock 
described in  the previous sect ion  (samples HB-1 and HB-2), are ad ja­
cent to  two s u b -p a ra l le l  N.E. t rend ing  1 inears.
As w i th  the groundwater seeps and the slope f a i l u r e s ,  not a l l  o f  
the outcrops o f  exposed bedrock are adjacent to a l i n e a r .  A r e l a t i o n ­
sh ip o f  the 1 inears to the presence o f  groundwater seeps, slope 
f a i l u r e s ,  as we l l  as bedrock, i s ,  however, c l e a r l y  ind ica ted .
CHAPTER V 
CONCLUSIONS
In t e r p r e ta t io n  o f  Linears
Groundwater seeps, slope f a i l u r e s ,  and bedrock tend to concen­
t r a t e  near the l i n e a rs .  Furthermore, many o f  the slope fa i l u r e s  show 
a ye l low  o r  green smect i te  r i c h  sandy c lay  very s im i l a r  to the h igh ly  
weathered bedrock described in  Chapter I I I .  In f a c t ,  perhaps wea­
thered bedrock under l ies  those slope fa i l u r e s  th a t  show the s m e c t i t ic  
sand. The three la rg e s t  slope f a i l u r e s  o f  the study area which e x h ib i t  
t h i s  mate r ia l  are a l l  near exposed bedrock.
I i n t e r p r e t  the l in e a rs  as a surface expression o f  a bur ied topography 
(F ig .  12). The exposures o f  bedrock in the area are p a r t i a l l y  exhumed 
r idges o f  c r y s t a l l i n e  rock. Perhaps the humid c l imate  o f  the Eocene 
deeply weathered and eroded these rocks. T e r t ia r y  f i l l  l a t e r  bur ied 
t h i s  i r r e g u la r  surface.  F in a l l y ,  pedimentation, dur ing e i t h e r  la te  
Pliocene o r  e a r ly  P le is tocene,  eroded away much o f  the f i l l  and in 
places exposed former topographic highs o f  the p r e - f i l l  topography.
E f fe c ts  o f  a Buried Topography on Groundwater
The bur ied  r idges impede groundwater moving through the porous 
bench g ra ve ls ,  from the f lanks  o f  the B i t t e r r o o t s  towards the center 
o f  the B i t t e r r o o t  Va l ley .  These aquacludes can thus be v isu a l ized  as 
underground dams fo rc in g  moving groundwater to f i l l  subsurface gravel
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Figure 12. Schematic Cross-Section o f  Buried Topography
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re s e rv o i r s .  Behind the r idges ,  the water tab le  r i s e s ,  and pore pres­
sures increase,  eve n tu a l ly  i n i t i a t i n g  groundwater seeps. Groundwater 
seeps may thus act  as f lood  gates in  t h is  analogy, re leas ing  excess 
water as the re s e rv o i r  i s  recharged.
O r ig in  o f  Linears
Two combined fa c to rs  may be responsib le  f o r  the v isua l  c r i t e r i a  
which def ine the l i n e a rs .  One fa c to r  is  d i f f e r e n t i a l  s e t t l i n g  o f  the 
v a l le y  f i l l  sediments over the i r r e g u la r  topography, and the o ther  is  
topographic con tro l  o f  the bur ied surface on groundwater seep loca­
t io n s .  D i f f e r e n t i a l  compaction may a f f e c t  the ease w i th  which the 
sediments erode, and thus may con tro l  drainage pa t te rns .  Groundwater 
seeps, a c t iv e  eros ive agents, may also con tro l  the drainage patterns 
th a t  help de f ine  the l in e a rs .
Darby S l ide  Model
Perhaps a h igh ly  weathered p a r t i a l l y  s a p r o l i t i c ,  bur ied g r a n i t i c  
r idge  under l ies  the Darby s l i d e .  This could be the source o f  the 
s m e c t i t i c  c lays o f  the toe o f  the s l i d e .  This slope f a i l u r e  can be 
thought o f  then, as a f a i l u r e  o f  the subsurface dam and re s e rv o i r  
created by the bur ied r idge .
The f i l l i n g  o f  the " re s e rv o i r "  and the discharge o f  groundwater 
produce changes in  the slope mater ia l  which tend to decrease shear 
s t reng th  w h i le  a t  the same time increas ing  shear s t ress .  While the 
re s e rv o i r  f i l l s ,  inc reas ing  pore pressures, greatest  adjacent to the
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aquaclude, w i l l  decrease the shear s t rength  o f  the m a te r ia l .  In addi­
t i o n ,  the increase o f  water volume w i l l  add weight to the sediments, 
in c rea s ing  shear s t resses.  Groundwater saturates the c lay r ic h  buried 
r id g e ,  expanding the smect i tes ,  and fu r th e r  decreasing shear s trength .  
The e ros ive  ac t ion  o f  p ip ing  associated w i th  groundwater seeps, w i l l  
also undermine the slope and add to i n s t a b i l i t y .  Which one o f  these 
fa c to rs  was most important  in  s t a r t i n g  th is  s l i d e  cannot be known.
More than l i k e l y ,  a complex in te ra c t io n  o f  a l l  o f  the fac to rs  was 
respons ib le .
Movement o f  t h i s  s l i d e  began a t  depth, when the shear stresses 
exerted on the bur ied g r a n i t i c  r idge exceeded the shear s trength o f  
the m a te r ia l .  I n i t i a l  f a i l u r e  o f  the "dam" caused the water o f  the 
" r e s e r v o i r "  to d ra in ,  f low ing  from the groundwater seeps in  g rea te r  
than normal volumes. The increased f low o f  groundwater accelerated 
subsurface eros ion ,  u n t i l  the c lay  r ic h  mater ia l  o f  the r idge began to 
spread l a t e r a l l y ,  c a r ry in g  w i th  i t  the more r i g i d  o ve r ly ing  sediments. 
As the " r e s e rv o i r "  dra ined, groundwater d ischarge, and movement o f  the 
s l i d e  lessened.
Water t h a t  f i l l e d  the " r e s e rv o i r "  may have had natura l as we l l  as 
human sources. Much o f  the water was probably r u n o f f  from the B i t t e r ­
roo ts .  Some o f  the wa te r ,  however, may have seeped from the nearby 
un l ined i r r i g a t i o n  d i t c h ,  running p a ra l le l  to  the back o f  the s l id e .  
Although seepage from th is  d i tch  is  probably not the main reason f o r  
t h i s  slope f a i l u r e ,  i t  may very we l l  have accelerated the f i l l i n g  o f
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the " r e s e r v o i r " ,  and induced a f a i l u r e  sooner than i t  might otherwise 
have occurred.
This model can also exp la in  the o the r  two la rge s l ides  described 
in  t h i s  study. Both the Conner s l id e  and the O ver tu r f  s l i d e  are loca­
ted c lose to  exposed bedrock. The toes o f  both s l id e s  have groundwater 
seeps and ye l lo w  green s m e c t i t i c  sands derived from the h igh ly  weathered 
rock. Movement o f  these s l id e s  also suggests spreading o f  a mobile 
c layey zone under a more r i g i d  o v e r ly in g  laye r .
Land Use Planning
Although t h i s  study cannot be used to p re d ic t  t ime or place o f  
fu tu re  Darby s l i d e s ,  i t  does present in fo rm at ion  about subsurface 
geology which can be used to i d e n t i f y  p o t e n t i a l l y  unstable slopes.
Two observable cond i t ions  found w i th  the la rg e s t  slope f a i l u r e s  o f  
the area can help i d e n t i f y  these p o t e n t i a l l y  unstable areas. These 
two cond i t ions  are the presence o f  ye l lo w ish  green sandy s m e c t i t ic  
c la y ,  ad jacent or  close to groundwater seeps. Locat ion o f  these 
cond i t ions  ad jacent to i d e n t i f i e d  l in e a rs  w i l l  f u r th e r  in d ica te  a 
s lo p e 's  i n s t a b i l i t y .
Groundwater can be recharged both n a tu r a l l y  and also by human 
a c t i v i t i e s .  Flood i r r i g a t i o n  as wel l  as sep t ic  discharge can thus 
ra ise  groundwater le v e ls .  These a c t i v i t i e s  might add to a p re -e x is t in g  
problem, and may acce lera te  the chain o f  events even tua l ly  leading to 
slope f a i l u r e .  L in ing  po r t ions  o f  i r r i g a t i o n  d i tches and p ip ing  sewage 
away from s e n s i t iv e  areas may help f o r e s ta l l  slope f a i l u r e .
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Costs, o f  course, are the major f a c to r  when consider ing prevention 
o f  slope f a i l u r e .  Remedies such as d r i l l i n g  w e l ls  and pumping ground­
water  away from i d e n t i f i e d  unstable areas may a l l e v ia t e  the hazard 
a l to g e th e r .  The cos ts ,  however, o f  such a s o lu t io n  may f a r  outweigh 
the f in a n c ia l  loss o f  a slope f a i l u r e .  I f ,  on the o ther  hand, a poten­
t i a l  slope f a i l u r e  threatens e i t h e r  a business o r  a home and i t s
in h a b i ta n ts ,  the costs o f  removing the r i s k  o f  a catastrophe might not 
then be so great.
The real so lu t io n  to t h i s  problem comes from proper planning and
use o f  the land. Avoid ing p o t e n t i a l l y  unstable areas o f  the land in
which losses might be g rea t ,  i s  perhaps the eas ies t  way to avoid a 
catastrophe. This study provides a geologic and hydrogeologic exp la­
na t ion  f o r  the Darby s l i d e ,  as we l l  as o the r  slope f a i l u r e s  o f  the 
area. I t  is  a too l  which can help i d e n t i f y  p o t e n t i a l l y  unstable 
slopes.
Fur ther  Studies
The Darby s l id e  model could provide the basis f o r  f u r t h e r  s tud ies .  
A more d e ta i le d  de l in e a t io n  o f  the subsurface geology as well  as a 
b e t te r  understanding o f  groundwater co n d i t ion s ,  w i l l  provide a more 
prec ise  slope eva lua t ing  too l  f o r  land use planners and o ther  in te re s ­
ted p a r t ie s .  R e s i s t i v i t y  s tud ies and seismic stud ies could show depth 
to  under ly ing  bedrock, as we l l  as depth and shape o f  the water ta b le .  
D r i l l i n g  observat ion we l ls  would provide geologic in fo rm a t ion ,  and
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also provide a basis f o r  eva lua t ing  seasonal v a r ia t io n s  in  groundwater 
le v e ls .  This in fo rm at ion  could then be used to determine the magni­
tude o f  i n f i l t r a t i o n  from human a c t i v i t i e s .
Perhaps the Darby s l id e  model can exp la in  slope f a i l u r e s  in  o ther  
T e r t i a r y  basins o f  western Montana. I f  so, s im i la r  studies in  such 
va l le ys  as the Deer Lodge Va l ley  and the Big Hole Val ley may provide 
a reg iona l understanding o f  slope f a i l u r e s .
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APPENDIX  
SAMPLES DESCRIPTIONS CLAY MINERALOGY
CLASTS MATRIX
Roundness G ranitic
Meta
Vole. Cherts Other Color Roundness Sorting Mineralogy Other Notes %>sand sand s i l t clay
smec­
t i te
kao li-
n ite
Musco­
v ite  Other Notes
SW3C yellowish
brown
ang to 
subang
mod q, f ,  m, b* 
l i th ic ?
f  gr ss, mod 
induration
0 0 47.6 52.4 J* J y
LC-1 subang
ang
gran 15 
me ta 85
greyish
tan
subang 
to ang
poor q. f ,  b,
l i t h ie
clasts up 
to 10 cm
59.6 33.4 4.1 2.9 J y
DSB-3 subang
angular J /
quartz ite brown
tan
subround 
to ang
poor q, f ,  b, m 
l i t h ie
clasts up 
to 5 cm
35.0 50.9 7.2 6.9 / ( + ) J i/
28 subroundec
rounded
j tan subroundsubang
poor quartz 
muse b io t
clasts up 
to .5 m
44.6 42.0 7.8 5.6 y y(+)
LM2 subang 
to ang
gran yellowish
tan
subang
ang
poor q, f ,  b, m clasts to 
1 cm
40.2 43.5 5.7 10.6 i/(+) \A~)
30 subang
ang J
bu ff
tan
poor q, f ,  b, m clasts to 
.5 m
45.1 40.8 7.7 6.4 y y[ )̂
SWS3 sub­
rounded /  ✓
white w ith 
red streaks
ang to 
subang
poor q. f , m , b clasts to 
4 cm
0 73.8 9.0 17.2 V (+ ) y y-)
SWS2 subang to 
rounded
(/ y grey ang to 
subang
poor q, f ,  m, b clasts to 
5 cm
31.0 34.4 22.4 10.9 y y
HBl ang 1/ l ig h t  y e ll 
tan
ang
subang
poor q, f ,  b clasts to 
5 cm
31.0 34.4 22.4 12.2 / (+ )
TCI rounded /  ( / tan subang
ang
poor q. f ,  b, 
l i t h ic
clasts to 
10 cm
40.7 41.1 2.8 5,4 y y
SW2 subang 
sub round
gran brownish
tan
subang
subround
poor q, f ,  b, m clasts to 
4 cm
0 42.2 15.5 6.5 y y
HC-7 yelIcw ish 
white
ang to 
round
poor q, f ,  b, m mod indur 
w clay cem
0 51.8 22.5 25.7 y(^) y y
SW3e purple
brown
ang mod q, m, f moderately
indurated
0. 57.8 33. 19.2 y(+) y y(-)
SClb subround
rounded /  y J quartz i te white
ang to 
subround poor
q, f ,m ,  b 
l i t h ic
ashy(?) to 
10 cm
64.9 22.9 7.2 5.0 y y(+) y
BHTl ang to 
rounded
SW2b T, 
gneiss 10. vole 15% q tz ite  S'’ brownish
tan
ang
subang
poor
q, f .  m, b 
l i t h ic
c lasts to 
5 cm
21.8 60.0 8.4 10.8 y J J
SAMPLES DESCRIPTIONS CLAY MINERALOGY
CLASTS MATRIX
Roundness G ra n itic
Meta
Vole. Cherts Other Color Roundness S orting
Mineralogy Other Notes %>sand sand s i l t c lay
smec­
t i t e
kaol i 
n i te
- Musco­
v ite  Other Notes
SW-1 subang •J ^  ^  q u a rtz ite brown
tan
subround
subang
poor q , f ,  b, m 
l i t h i c
q u a rtz ite
pebbles
36.8 51.7 9.9 2.6 /
SW-3 iro n  oxide 
sta ined
subang 
to ang
poor q. f ,  b , m fin e  s i l t y  
sandstone
0 63.2 20.7 16.1 / ( + ) J
SW2-b dark tan subang 
to ang
poor q , f ,  b, m pebbly 28.0 60.6 7.4 4.0 i / { - ) /
SC-1 ye llow
tan
subang 
to  ang
mod q , f , m, 
minor b io t
s i Its to ne  
mod indur
0 46.2 32.7 31.1 y
SW3b white subang 
to  ang
mod q 1 f i  m, b, 
l i t h i c
f  g r ss 
10* muse
0 65.9 19.0 15.1 iX+) / ( / ( - )
DSbl b u ff  brn poor q. f ,  m, b s o il- g la c ia l 0 67.9 21.0 11.1
01 subang to 
subround
J I t  grey tan
subang
subround
poor q . f ,  m c la s ts  to 
5 cm
53.0 36.4 8.2 2.4 i /  ( - )  i /
LC-2 sub round 
subang
gran
IQ:;
l ig h t  tan subround 
to ang
poor q, f ,  m, b 
l i t h i c
up to 5 cm 34.1 43.7 17.2 5.0 J J /
DB-3 ang to 
rounded
SW2b
gneiss
b u ff  tan ang
rounded poor
q, f ,  m, b 
l i t h i c
up to  15 cm 19.5 62.3 13.7 4.5 V y(+)
MC-6 subround
subang
gran
gneiss
/
20--: tan
subround 
to ang poor
q» f j  m* b , 
l i t h i c
up to  10 cm 31.4 50.0 13.3 5.3 J /
HBl-b ang gran tan subang
ang poor
q # f 9 b, 
l i t h i c
up to 1 cm 54.9 34.3 4.8 6.0 J J J
HB2 angular gran 40.2 38.9 13.3 7.6 ✓ J y
HB4 ang to 
rounded
gran J brownish
tan
ang to 
subround poor
q> f 1 b , m, 
l i t h i c
c la s ts  to  
10 cm
35.3 49.2 6.3 8.3 y y
HB2C ang to 
subang
gran
gneiss
reddish
brown
ang
subang poor
q. f ,  b 
l i t h i c
c la s ts  to  
3 cm
41.6 41.5 6.8 10.1 i / 1/ y
MC-9 gran / reddish
tan
ang to 
subang poor
q, f ,  m, b c la s t to 
1 cm
36.3 35.7 10.9 17.1 i / y y
SAMPLES DESCRIPTIONS CLAY MINERALOGY
CLASTS MATRIX
Roundness G ra n itic Vole. Cherts Other Color Roundness S orting smec- k a o li- musco­
Meta Mineralogy OtherNotes %>sand sand s i l t c l ay t i  te n ite v ite  Other Notes
MC-2 subang gran y ? )  q u a rtz ite ye llow ang to q : T1 m, b * c las ts  to 36.1 40.3 9.7 13.4 y + ) y
subround tan subang poor l i t h i c 5 cm
MC-11 angular gran ye llow  tan ang poor q 45%, f  45%. c las ts  to 45.2 39.5 7.2 8.1 J J / - )
b 5%, m 5% 10 cm
WG-I well SW2b J  J  q u a rtz ite I t  reddish ang to
rounded gneiss brown rounded poor q* f .  m, b. c la s ts  to 66.0 30.0 3.8 1.2 y i /
l i t h i c 3 cm
WGl-a
" » II 51.7 40.5 5.6 4.2 J y
LMl rounded SW2b J  q u a rtz ite tan subang
gneiss ang poor q, f , m, b. c la s ts  to 42.4 25.2 5.8 16.6 / ( + ) J y
l i t h i c 5 cm
SW3f rounded to SW2b . y  q u a rtz ite ye llow subang poor
subang gneiss white ang q. f ,  m s i l i c i c 64,6 26.1 4.4 4.9
vole 70%
M2 subang J tan subang
subround ang poor q , f , m. c la s ts  to 32-1 44.7 2.5 10.7 y
l i t h i c 7 cm
D5 rounded SW2b - J  q u a rtz ite white subang
subround gneiss subround poor q, f ,  m, b c la s ts  to 38.9 46.3 11.1 8.7 v/ (/(+) y
poss ash(?) 10 cm
MClO ang gran reddish subang J y
tan ang poor q, f ,  m, b c la s ts  to 35.1 52.4 .6 10.9 ^
2 cm
MC3 subround gran ye llow ish ang
subang tan subang poor q , f # b, m. c la s ts  to 63.9 25.6 7.4 13.3 </(+) J
l i t h i c 4 cm
WCl ang to J l ig h t subang
subround tan ang poor q . f ,  b, m c la s ts  to 28.2 38.2 24.1 9.5 y - ) 1/ y
2 cm
CRl ang to SW25 brownish subang .
subang gneiss tan to  ang poor q, f ,  m, b c la s ts  to 48.9 34.1 10.0 7.0 / ( - ) J y
10 cm
TCRl ang to tan ang to J
subround y subround poor q, f ,  b , m c la s ts  to 32.6 27.8 32.3 7.3 J
1 cm
SCIC subround . q u a rtz ite tan subang
to round J i / ang poor q , f ,  b, m c la s ts  to 60.1 28.8 5.4 5.7 / ( - ) X + ) y
5 cm
OT 2 subang tannish subang
to ang SW2b white to  ang poor f ,  q , b c la s ts  to 25.6 50.4 11.1 12.9 / ( + ) J J
5 cm
SAMPLES DESCRIPTIONS CLAY MINERALOGY
CLASTS MATRIX
Roundness G ran itic
Meta
Vole. Cherts Other Color Roundness S orting
Mineralogy Other Notes %>sand sand s i l t c lay
smec­
t i t e
k a o li-
n ite
musco­
v ite  Other Notes
SWS4 subround SW2b tan subang q. f .  m c las ts  to 66.2 25.9 11.0 6.9 J t /
to round gneiss ang poor 10 cm
D-6 subround / subround q, f ,  l i t h i c c las ts  to 48.8 39.7 5.6 8.1 y ( - ) J ^  smectite peak
to  round •/ q u a rtz ite brown to  ang poor minor m, b 10 cm in d is t in c t  at
18.409 Â
CR2 subround y subround q. f ,  b, c la s ts  to 46.2 44.3 5.0 4.5 ! / ( - ) 1/
rounded q u a rtz ite tan to ang poor minor muse 20 cm
H62b angular gran ye llow ish subano q, f ,  m 10%, c las ts  to 55 25 10 10 «/ (+) ( /  size %s are
tan ang poor b, l i t h i c 15 cm v is u a lly  de t'd
*q=quartz 
f= fe ldspa r 
m=muscovite 
b = b io tite
(+)=dom‘ nant peak 
=nomial peak 
{ - )= in d is t in c t  peak
